Abstract-Amphibian metamorphosis is a period of drastic morphologic reorganization, during which larvae experience a decrease in locomotor ability and are more vulnerable to predation. Our results indicate that exposure to sublethal concentrations of nitrite in the water induces behavioral and morphologic changes in the Cascades frog (Rana cascadae). Tadpoles exposed to a nitrite concentration of at 3.5 mg/L transformed more slowly than control tadpoles exposed to dechlorinated tap water. No difference Ϫ
INTRODUCTION
Numerous anthropogenic agents such as acid precipitation, increased UV-B radiation, chemical pollutants, and introduced exotic species have contributed to population declines or local extinctions of various animal species [1] [2] [3] and may be affecting many amphibian populations [4] [5] [6] [7] [8] [9] . Although the effects of some of the agents affecting amphibians have been studied in more detail than others, very little information is available on the effects of fertilizers on amphibians. Nitrogenbased fertilizers may significantly affect amphibians at numerous locales because these fertilizers are widely applied at relatively large concentrations in areas heavily populated by humans, and these fertilizers are also used in remote forests in sparsely populated areas [10, 11] .
Inorganic pollutants in the water are toxic to larval and adult stages of many amphibian species [12] [13] [14] [15] [16] . For example, increased concentrations of nitrogenous compounds in surface water from various sources from agricultural land are hazardous to many species of wildlife [17] [18] [19] . Under some conditions, nitrates and ammonia can be transformed to nitrites in the field or in the digestive systems of animals as a result of bacterial metabolism [20] . When nitrites contact blood plasma, they transform hemoglobin to methemoglobin, decreasing the oxygen carrying capacity of the blood [20] . Evidence is suggestive of the negative effects of nitrite (methemoglobinemia) in humans and fishes [21] [22] [23] . Moreover, recent experiments have shown that low levels of nitrite have a negative effect on the aquatic larval stages of some amphibians [24] [25] [26] [27] [28] . The early stages of many amphibians are restricted to the aquatic environment, and are susceptible to dermal absorption of toxic compounds and to ingestion of contaminated materials in the water [12, 29] .
Amphibian metamorphosis is a period of extensive morphologic reorganization and we hypothesize that exposure to * To whom correspondence may be addressed (marcoa@gugu.usal.es).
nitrite may affect this process. Therefore, we tested the effect of nitrite on metamorphosis of the Cascades frog (Rana cascadae) in the laboratory. Cascades frogs are susceptible to a number of environmental stresses including pathogens and UV-B radiation [4, 5] and their populations are in decline throughout their range [9, 30] .
MATERIALS AND METHODS

Tadpole collection and culture
Premetamorphic Cascades frog tadpoles were collected close to their maximum body size and before arm eruption (Gosner stages 38-40) [31] from a pond in Deschutes County, Cascades Mountains of Oregon, USA, during the first week of August 1997. Tadpoles were collected in areas where they were abundant. Tadpoles were transported to the laboratory and were housed in 30-L glass containers at approximately 20ЊC under artificial incandescent light with a natural photoperiod. Tadpoles were fed lettuce ad libitum that was previously washed with distilled water and boiled for 1 min. No tadpoles died or had visible abnormalities in the containers. The experiment began 10 d after tadpoles were collected.
Experimental procedures
The effects of nitrite on Cascades frog tadpoles undergoing metamorphosis were tested in static tests [32] . The experiment was conducted in August (1997) in the laboratory at approximately 20ЊC under artificial light with a natural photoperiod. Tests were conducted in plastic tanks (80 ϫ 40 ϫ 14 cm) containing 9 L of dechlorinated tap water. The tanks were tilted at an angle (approximately 20Њ) so that half of the floor of each tank was submerged and the other half was completely dry. One hundred R. cascadae tadpoles (stage 39-40, before forelimb eruption [31] ) were randomly selected and 10 were placed on the side with water of each tank. The 10 tanks were randomly assigned to either control (5 tanks) or nitrite (5 tanks) treatments. Sodium nitrite was used in the solutions. Thirty Effects of nitrite on Cascades frog metamorphosis Environ. Toxicol. Chem. 18, 1999 947 milliliters of nitrite solution was added to the water in each tank for a final concentration of of 3.5 mg/L. Thirty Ϫ N-NO 2 milliliters of dechlorinated water was added to the control tanks. The sublethal nitrite concentration was based on pilot trials conducted for other amphibian species (Rana pretiosa and Rana aurora). Dechlorinated tap water that was chemically treated to remove ammonia, chlorine, chloramine and heavy metals, and to buffer pH, was used. Tadpoles were fed lettuce ad libitum that was washed with distilled water and boiled for 1 min. Solutions were replaced and tanks were cleaned at days 5 and 10. The experiment was conducted for 14 d. The experiment ended when at least six tadpoles from every tank emerged from the water. Tadpoles were considered to have emerged from the water if they were found in the upper one-third of the dry half of the tank, or if they had climbed to the top of the tank, above the level of the water. Tadpoles that emerged from the water were removed from the tank.
To determine whether tadpoles had a behavioral response to nitrite we recorded in each tank, over a 30-s span every 12 h, the number of tadpoles with their heads out of the water. To detect an effect of nitrite on metamorphosis we recorded in each tank and every 12 h, the number of tadpoles with erupted forelimbs (Gosner stage 42). To determine whether nitrite had an effect on emergence from water, we recorded time to emergence, snout-vent length, and tail length of emerging tadpoles. Tail loss rate was also calculated to determine if nitrite had a morphologic effect in metamorphosis. To estimate this rate for each emerging metamorph, we considered as initial value of tail length the average tail length of 20 tadpoles randomly selected and measured the day when the experiment began. These tadpoles were not used in the experiment.
Analysis of data
Multivariate analysis of covariance (MANCOVA) was used to determine whether nitrite had an overall effect on tadpole metamorphosis, considering as dependent variables, time to emergence, tail loss rate until emergence, time to Gosner stage 42, and number of tadpoles observed with their heads out of water. The independent variable was the snout-vent length of tadpoles. Post hoc analyses of covariance were used to determine the effects of exposure to nitrite on each variable.
RESULTS
No tadpoles died. The MANCOVA indicated an overall effect of exposure to nitrite on Cascades frog metamorphosis. No significant effects were found on juvenile snout-vent length at emergence (Student's t test; t ϭ 0.56, p ϭ 0.592) and time to emergence (Table 1) . Tadpoles started to emerge after an exposure of 96 h. The average time to emergence was 175 h (range ϭ 96-324 h) for control tadpoles and 184 h (range ϭ 96-336 h) for tadpoles in water with nitrite. However, tadpoles in water with nitrite had slower development and slower rate of tail loss (Fig. 1 ) and consequently emerged with longer tails than control tadpoles. Moreover, during metamorphosis we detected behavioral differences among treatments. Tadpoles in water with nitrite were more frequently found in shallow water where their heads were out of water (Table 1 and Fig. 2 ).
DISCUSSION
Low concentrations of nitrite may have negative effects on amphibian larval survival [26, 27] . Among these effects is the oxidation of hemoglobin to methemoglobin. This conversion hampers oxygen transport in blood. Thus, methemoglobinemia can cause tissue hypoxia and eventually death of affected an-948 Environ. Toxicol. Chem. 18, 1999 A. Marco and A.R. Blaustein imals [20] . The lethal effects of nitrites are related to ion concentration and have been documented mainly in early stages of development, but some animal species may become more tolerant of nitrite as they grow [33] . Tadpoles at later developmental stages may be more tolerant to nitrite than those in earlier stages. However, nitrites have some sublethal effects on aquatic vertebrates. Nitrites may affect swimming performance, growth, and development and cause morphologic abnormalities [22, 34] . The nitrite concentration used in this study is lethal for newly hatched larvae of several amphibians [26, 27] . This concentration of nitrite was not lethal for Cascades frog tadpoles undergoing metamorphosis. However, some sublethal effects on tadpole development and behavior were detected. In this study, tadpoles that were exposed to nitrite transformed more slowly than did control tadpoles. Oxygen consumption is relatively high throughout metamorphosis [35] and hypoxia due to exposure to nitrite could have a negative effect in tadpole metabolism. Nitrite may cause tissue hypoxia in tadpoles, thus affecting and slowing the physiologic and morphologic changes that take place during metamorphosis.
If nitrite hampers growth and development and stage to emergence from water in larval amphibians, the larvae may be more prone to predation. Transforming tadpoles of some anuran species have a higher predation rate by snakes than larvae or juveniles [36] . Larvae undergoing metamorphosis would be incompletely suited to their new terrestrial habitat if they had not completely transformed [37] . For example, they would have limited ability to move in the terrestrial environment, and be more vulnerable to predation. In this study, premetamorphic tadpoles exposed to nitrite emerged from water at an early stage of development, conserving characteristics of the larval stage, such as relatively long tails. Thus, the effect of nitrite on stage to emergence from water could potentially increase the rate of predation on these tadpoles.
Methemoglobinemia could also explain the observed behavioral responses of tadpoles to nitrite. In this study, tadpoles in water with nitrite occupied shallow water more often than did controls, perhaps because they were trying to get more oxygen. Bobbing behavior has been described in many amphibians and apparently the bobbing rate is related to oxygen availability in water [38] . At hypoxic conditions, tadpoles may also increase their frequency of breathing [39] . We suggest that tissue hypoxia due to exposure to nitrite could force tadpoles to shift their habitat use to shallow water, so that they can breathe more efficiently. However, given that tadpoles are not suited to terrestrial life, the presence of tadpoles near the shore could increase their risk of predation.
In summary, we have shown that brief exposure to nitrites affects the growth and behavior of R. cascadae tadpoles during a critical time period in their development. Because nitrogenous fertilizers are applied to many locales, it is possible that they are adversely affecting amphibians at the larval stage. These effects have not been intensively studied but they may ultimately affect amphibians at the population level.
